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How to effectively develop tight-gas carbonate reservoir and achieve high recovery is always a
problem for the oil and gas industry. To solve this problem, domestic petroleum engineers use the
combination of the successful experiences of North American shale gas pools development by
stimulated reservoir volume (SRV) fracturing with the research achievements of Chinese tight gas
development by acid fracturing to propose volume acid fracturing technology for fractured tight-
gas carbonate reservoir, which has achieved a good stimulation effect in the pilot tests. To deter-
mine what reservoir conditions are suitable to carry out volume acid fracturing, this paper ﬁrstly
introduces volume acid fracturing technology by giving the stimulation mechanism and technical
ideas, and initially analyzes the feasibility by the comparison of reservoir characteristics of shale gas
with tight-gas carbonate. Then, this paper analyzes the validity and limitation of the volume acid
fracturing technology via the analyses of control conditions for volume acid fracturing in reservoir
fracturing performance, natural fracture, horizontal principal stress difference, orientation of in-
situ stress and natural fracture, and gives the solution for the limitation. The study results show
that the volume acid fracturing process can be used to greatly improve the ﬂow environment of
tight-gas carbonate reservoir and increase production; the incremental or stimulation response is
closely related with reservoir fracturing performance, the degree of development of natural frac-
ture, the small intersection angle between hydraulic fracture and natural fracture, the large hori-
zontal principal stress difference is easy to form a narrow fracture zone, and it is disadvantageous to
create fracture network, but the degradable ﬁber diversion technology may largely weaken the
disadvantage. The practices indicate that the application of volume acid fracturing process to the
tight-gas carbonate reservoir development is feasible in the Ordovician Majiagou Formation of
lower Paleozoic, which is of great signiﬁcance and practical value for domestic tight-gas carbonate
reservoir development and studies in the future.
Copyright © 2015, Southwest Petroleum University. Production and hosting by Elsevier B.V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).chnology is a new technology which apply to stimulate tight reservoir, it is a combination of SRV fracturing and
plex fracture network is created by SRV fracturing, fracture conductivity is created by multistage alternating
ience and Technology Major Project of China (2011ZX05044) and National Natural Science Foundation of China
troleum University.
ier on behalf of KeAi
niversity. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open
creativecommons.org/licenses/by-nc-nd/4.0/).
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voir have been carried out in China, and it creates acid etchedThe rapid development of unconventional natural gas has
drawn the attention of theworld, and caused signiﬁcant effect on
the global energy structure. As the leader of the exploration and
development of unconventional natural gas, the United States
made a major breakthrough in the early 1980s. According to the
statistics of the U.S. Energy Information Administration (EIA), the
production of unconventional gas has reached 1690  108 m3 in
2011, which accounts for about 26% of the US natural gas output.
Predictably, the proportion will continue to rise in the next
period of time.
Unconventional natural gas reserves of China are rich as
well, among which the amount of tight gas prospective re-
sources reaches to (12e100)  1012 m3 [1]. Consequently, do-
mestic related work for the exploration of the tight gas has
been carried out and made substantial progress. The tight oil
and gas resources have been discovered in Ordos basin,
Sichuan basin, Junggar basin, Tarim basin, Songliao basin, and
almost all the petroliferous basins, mainly concluding three
types of reservoirs, like lacustrine carbonate rocks, deep lake
delta sandstone and deep lake gravity ﬂow sandstone, with a
more than 20  104 km2 of total favorable exploration area and
approximately 106.7e111.5  108 t of total geological re-
sources. There are great differences between the geological
features of the tight oil and gas reservoir and conventional oil
and gas reservoir. Generally, the former one has low porosity
(less than 10% generally), low permeability (less than 0.1 mD
generally), various types of reservoir, complex lithology, high
calcium content (about 40% generally, in addition to the Yan-
chang Group of Ordos Basin and the cretaceous system of
Songliao Basin), mostly proximal accumulation, low natural
deliverability, developed natural fractures and essentially
control the production of oil and gas reservoirs, and so on.
Currently, to develop fractured tight-gas carbonate, conven-
tional acid fracturing mode is generally used around the world.
Although this mode can obtain a certain degree of original
stimulation, it results in rapid decline of production and difﬁ-
culty in obtaining stable production [2,3]. Furthermore, this
mode connects little of the natural fracture system and offers
acid very small swept volume. Therefore, there is a need in
further exploration, study and ﬁeld practice for this kind of gas
reservoir. Until now, acid fracturing for high-calcium tight oil and
gas reservoir hasn't been seen all around the world, but theTable 1
Comparative table of shale gas reservoir attributes and objective gas reservoir attribu
Parameter Shale-gas reservoir
Stress <2000 psia net lateral stress
Reservoir temperature >230 F
Pressure >0.5 psi/ft
Mineralogy >40% quartz or carbonates
<30% clays
Low expandability
Fracture fabric and type Vertical vs. horizontal orientation
Open vs. ﬁlled with silica or calcite
Internal vertical heterogeneity Less is better
Seals Fracture barriers present top and base
Gas type Thermogenic
Gas composition Low CO2, N2 and H2S
Thermal maturity Dry gas window > 1.4Ro
Total organic content >2%
Permeability >100 nd
Young's modulus >3.0 MMPSIA
Poisson's ratio (static) <0.25complex fracture network with the conductivity (HFM micro-
seismic monitoring of adjoining wells have indicated that the
volume acid fracturing creates multiple branch non-planar
complex fracture network). The results of practice have indi-
cated that the effect of volume acid fracturing is very similar with
SRV sand fracturing and the volume acid fracturing has a good
application prospect.
In this paper, tight-gas carbonate reservoir in the Ordos Basin
is investigated by using many theoretical methods such as the
mechanics, the probability statistics, scanning electron micro-
scope (SEM), X-ray diffraction (XRD) techniques, well logging,
and using technical means of combination of laboratory exper-
iment with ﬁeld practice. The research results will promote
the theoretical development of volume acid fracturing in the
future.2. Stimulation mechanism and technical ideas
2.1. Stimulation mechanism
Horizontal well drilling technology increases reservoir con-
tact area, slick water fracturing creates hydraulic fractures and
reopens most natural fractures or makes part of them slippage,
the hydraulic fractures communicate with the natural fracture,
which creates initially fracture network; using the degradable
ﬁber diversion agent to overcome the disadvantage of large
horizontal principal stress difference, increasing SRV, at this
moment complex fracture network is created initially; acid is an
important factor for creating complex fracture network, ﬁrst,
acid heterogeneously etches fracture walls and increases their
roughness, and so fracture obtains conductivity after fracture
close; second, natural fracture conductivity is created by acid
leak-off, and simultaneously the formation of a small amount of
acidizing wormhole makes fracture network further complex; A
massive slick water is injected to reduce reservoir temperature,
which makes aciderock reaction velocity slow down and acid
effective time increase. Meanwhile the phenomenon of acid
ﬁngering in preﬂush also increases the distance of acid pene-
tration, and acid is pushed to fractures in the remote by overﬂush
ﬂuid, which improves the stimulation rate of the fracture in the
remote.tes.
Carbonate gas reservoir Comparative results
3626 psia net lateral stress
221 F 
0.416 psi/ft 
>96% carbonates √
No clays √
Low expandability √
Horizontal orientation √
Filled with authigenic carbonate √
Less √
Fracture barriers present top and base √
e e
Low N2 and some layers contain H2S, CO2 √
Dry gas window is 1.6e4.5Ro √
0.1e24 √
<1 md √
4.93  106 MMPSIA √
0.22 √
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Tight carbonate reservoir is stimulated bymulti-cluster staged
horizontal well slick water fracturing.① Acid preﬂush is used to
reduce hydraulic fracturing initiation pressure, and then slick
water is used to initiate the fracture and to reduce the tempera-
ture of the fracturewalls;② The reduction friction acid is injected
to etch fracture surface and dissolve ﬁllers in natural fractures,
simultaneously propagate the fracture;③ Slickwater overﬂush is
used to put the reduction friction acid into deep fracture;④High
viscosity fracturing ﬂuid with degradable ﬁber temporary plug-
ging agent is used for fracture temporary plugging, and then low
viscosity slick water is used to created hydraulic fractures in
different directions, so SRV increases further; ⑤ The reduction
friction acid is used to etch new fracture surface and gradually
dissolve ﬁber temporary plugging agent; ⑥ Steps 3e5 are con-
ducted successively alternately until the end of frac job.3. Comparison and analysis of reservoir characteristics
The volume acid fracturing is a new stimulation technology,
in order to further study this topic, this paper compares tight-gas
carbonate reservoir characteristics with shale gas reservoir
characteristics [4] and is presented in Table 1. It can be seen that
tight-gas carbonate reservoir attributes are roughly similar with
shale gas reservoir attributes, so this paper initially determines
the volume acid fracturing technology is available for this car-
bonate reservoir.4. Interpretation of well logging data
The well logging data not only may optimize drilling and
fracturing deployment which may provide effective guidance
parameters for horizontal well landing point and completion job,
but also may provide Young's modulus, Poisson's ratio, tensile
strength, fracture toughness, the maximum and minimal hori-
zontal principal stress by the theoretical formula, and these pa-
rameters are very important for judging whether the volume
acid fracturing is available for tight-gas carbonate reservoir.
Young's modulus and Poisson's ratio can be obtained by
Acoustic logging data and Equation (1) and (2) [5]and which are
presented as follows:
Ed ¼
rv2s
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
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where Edddynamic Young's modulus, MPa; mdddynamic Pois-
son's ratio; vpdP-wave velocity, m/ms; vsdS-wave velocity, m/
ms; rdbulk density, kg/m3.
Fracture toughness can be obtained by Equations (3) and (4)
and which are presented as follows [6,7]:
K0IC ¼ 0:0059S3t þ 0:0923S2t þ 0:517St  0:3322 (3)
KIC ¼ 0:2176pw þ K0IC (4)
where K0ICdRock fracture toughness under zero conﬁning pres-
sure, MPa m1/2; StdTensile Strength, MPa; pwdConﬁning pres-
sure, MPa; KICdRock fracture toughness, MPa m1/2.At present, horizontal principal stresses are obtained mainly
by three methods which are numerical simulation, laboratory
core test and well logging data [8,9]. In this paper well logging
data is used to predict horizontal principal stresses bymulti-poro
medium model [10] which is presented as follows:
sv ¼ g
ZDTV
0
rbðhÞdhþ O (5)
sh ¼
m
1 msv 
m
1 mavertpp þ ahorpp þ
E
1 m2 xh þ
mE
1 m2 xH
(6)
sH ¼
m
1 msv 
m
1 mavertpp þ ahorpp þ
E
1 m2 xH þ
mE
1 m2 xh
(7)
where sv is the total vertical stress, MPa; DTV is vertical depth, m;
g is gravitational acceleration, m/s2; O is deviant, unitless; rb is
bulk density, kg/m3; sH and sh are maximum and minimum
horizontal principal stress, MPa; sv is total vertical stress, MPa;
avert is Biot coefﬁcient at vertical direction, unitless; ahor is Biot
coefﬁcient at horizontal direction, unitless; m is static poisson's
ratio, unitless; a is effective stress coefﬁcient, unitless; pp is pore
pressure, MPa; E is static Young's Modulus, MPa; xh is the strain
at minimum horizontal principal stress direction, unitless; xH is
the strain at maximum horizontal principal stress direction,
unitless.
Interpretation results of well logging data are presented in
Fig. 1.5. Feasibility analysis on volume acid fracturing
SRV fracturing stimulation experiences of shale gas reservoir
have indicated that reservoir geological conditions such as rock
brittleness, natural fracture, horizontal principal stress differ-
ence, intersection angle of between hydraulic fracture and nat-
ural fracture etc. control whether complex fracture network is
created. However, it is not reasonable to evaluate reservoir
fracturing performance by rock brittleness because it does not
indicate rock strength. For example, fracture barrier between
upper and lower Barnett can be dolomitic limestone with higher
brittleness [11]. To avoid the shortage due to the single use of
brittleness index for fracturing evaluation, linear elastic fracture
theory was adopted to create the fracturing performance index
through combination of brittleness index and fracture toughness
[12e14]. Therefore, this paper analyzes the feasibility by four
ways of fracturing performance, natural fracture, horizontal
principal stress difference, as well as intersection angle between
hydraulic fracture and natural fracture.5.1. Fracturing performance evaluation
5.1.1. Rock brittleness
Rock brittleness is one of themost important rockmechanical
properties for judging whether complex fracture network is
formed during hydraulic fracturing [15e18], brittle rock is
beneﬁcial to the development of natural fracture and creates
fabric fracture. Therefore, brittleness has been used as a
descriptor in screening hydraulic fracturing candidates [19e21].
However, the absence of universally accepted deﬁnition and
measurement of brittleness has led to various methods or
Fig. 1. Logging curve of tight carbonate reservoir in Ordos Basin.
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a table of deﬁnitions of brittleness, as presented in Table A. From
which it can be seen that brittleness is obtained mainly by rock
mechanics tests and well logging data. Therefore, in order to
determine accurate brittleness of tight carbonate rock, this paper
determines brittleness by combining rock mechanics tests and
well logging data.
From a physical viewpoint, mineralogical brittleness is
considered more reliable [19,24]. However, originally, the
mineralogical brittleness accounted only for the weight fraction
of quartz [19]. Afterward, it was observed that the presence of
dolomite tends to increase the brittleness of shale, so both the
fractions of quartz and dolomite were included [25]. It is also
observed that silicate minerals such as feldspar and mica (the
chemical expression of mica is X2Y4e6Z8O20(OH,F)4, if X ion is
calcium, it is considered as “brittle” mica) are more brittle than
clay in shale reservoirs. Besides the dolomite, other carbonate
minerals, such as calcite in limestone, are also more brittle than
clay [26e28]. Therefore, a new expression of brittleness is pro-
posed by Jin et al. [13] in the following:
B ¼WQFM
WTot
þWCarb
WTot
z
WQFM þWcalcite þWdolomite
WTot
(8)
where WQFM/WTot is the weight fraction of quartz, feldspar, and
brittle mica, which are silicate minerals;WCarb/WTot is theweight
fraction of carbonate minerals consisting of dolomite, calcite, and
other brittle carbonate (if there are WCARB, WDOL and WCLC,Table 2
XRD analysis results of carbonate samples.
Cores no. Depths (m) Mineral percentage of core (102)
Quartz Plagioclase Clay
1# 3250.43 1.48 0.00 0.00
2# 3051.28 0.00 0.00 0.00
3# 3300.74 0.00 0.00 0.00
4# 3752.9 1.82 0.00 0.00
5# 3890.75 1.01 0.00 0.00
6# 3750.62 0.00 0.00 0.00
7# 3307.69 0.96 0.00 0.00
8# 3760.7 2.27 0.00 0.00WCARB represents all other carbonate minerals except calcite,
and all of them should be included in brittleness calculation; if
there are only WCLC and WDOL, but no WCARB, include both of
them in brittleness calculation).
XRD analysis results of carbonate samples are presented in
Table 2, showing homogeneity in mineralogical compositions.
The dominant minerals in the carbonate samples were dolomite
and calcite. Dolomite contents are between 0.00 and 99.57% with
an average of 77.04%, whereas calcite contents range from 0.00 to
97.31% with an average of 19.88%. In addition, the average of
quartz contents is very low and clay contents are zero. The
mineralogical brittleness results are presented in Table 2 by
Equation (8).
The stressestrain curves are obtained by the triaxial rock
mechanics experiment, of which the curve shape reﬂects brittle,
plastic, subdued, fractured and other all kinds of deformation
path during thematerial is acted by various outside forces, Heard
[29] considered that the deformation is less than 3% before rock
failure as brittle failure. The stressestrain curves are presented in
Fig. 2 and it can be seen that all strains are between 0.5 and 1.03,
while the average is about 0.8. Therefore, according to the theory
of Heard, carbonate samples are brittle rock.
In order to qualitatively evaluate carbonate sample brittle-
ness, whole-diameter core sample is used to carry out spilt test,
and rock crushing characteristic is obtained, as shown in Fig. 3. It
can be seen that core sample is cracked extensively and shows
signiﬁcant brittleness, so it is favorable to SRV fracturing
stimulation.Mineralogical brittleness
Calcite Dolomite Siderite Brittleness index
1.91 96.61 0.00 0.9809
97.31 2.69 0.00 0.0269
2.57 97.43 0.00 0.9743
96.96 0.00 1.23 0.0182
11.24 87.75 0.00 0.8876
11.48 88.52 0.00 0.8852
17.82 81.22 0.00 0.8218
1.17 96.56 0.00 0.9883
Fig. 2. The stressestrain curve of three axis rock mechanics test.
N. Li et al. / Petroleum 1 (2015) 206e216210It is not feasible to evaluate brittleness for tight carbonate
formation by laboratory measurements due to the limitation of
turnaround time and expense. Therefore, well logging data
estimation is more practical for the evaluation of brittleness in
tight carbonate reservoirs. In this paper, the brittleness evalua-
tion method is used and proposed by Rickman et al. [20], which
has been veriﬁed by Jin et al. [13] and Sun et al. [14]. Rickman
et al. [20] think that the concept of rock brittleness combines
both Poisson's Ratio and Young's Modulus to reﬂect the rocks
ability to fail under stress (Poisson's Ratio) and maintain a frac-
ture (Young's Modulus) once the rock fractures. In terms of
Poisson's Ratio, the lower the value, the more brittle the rock,
and as values of Young's Modulus increase, the more brittle the
rock will be. Because the literature formula for this method is not
clear, and after in-house veriﬁcation, it is redeﬁned as:
B ¼ E þ s2 (9)
where E and s are normalized Young's modulus and Poisson's
ratio, and are deﬁned below:
E ¼ ððE  EminÞ=ðEmax  EminÞÞ  100 (10)
s ¼ ððs smaxÞ=ðsmin  smaxÞÞ  100 (11)
where Emin and Emax are the minimum and maximum dynamic
Young's modulus for the investigated formation, MPa; smin and
smax are dynamicminimum andmaximum Poisson's ratio for the
investigated formation, unitless; E and s are Young's modulus
and Poisson's ratio along the depth.
According to Young' modulus and Poisson's ratio which are
obtained by well logging data and the investigated reservoir
characteristics, brittleness coefﬁcients are obtained by Equations
(9)e(11), as presented in Fig. 4. It can be seen that brittlenessFig. 3. Core sample crushing characteristic.coefﬁcients are mainly between 40 and 80. Rickman et al.
considered the rock of which brittleness coefﬁcients exceed 40 as
brittle rock. Therefore, a large proportion of rock is brittle.
Analysis results of mineralogical brittleness, stressestrain
curve, rock crushing characteristic and Rickman method indicate
that reservoir rock investigated is mainly brittle rock, and some
rocks are high brittleness, it is favorable to create fracture
network for volume acid fracturing.
5.1.2. Fracture toughness
Fracture toughness represents the ability of rock to resist
fracture propagation from preexisting cracks. In order to improve
stimulation effect and gain the greatest economic beneﬁts, it's
required to createmaximum SRV under the condition of a certain
amount of fracturing ﬂuid injection, that is to say hydraulic
fracturing should have the high fracture-making ability in the
investigated intervals. Under the condition of external factors
such as pumping pressure are the same, fracture-making ability
of hydraulic fracturing completely depends on rock itself to resist
fracture propagation ability. Rock fracture toughness represents
fracture-making ability of hydraulic fracturing, and indicates
howdifﬁcult reservoir is fractured. It has been proven that higher
the fracture toughness, higher is the breakdown pressure [30].
Fracture toughness is a material property, and can be
measured with various methods, but fracture toughness mea-
surement of rock is more difﬁcult and complex than other rock
mechanics tests. Therefore, to save time and expense, many
correlations of fracture toughness are proposed by well logging
data. In this paper, fracture toughness derived from the corre-
lation proposed by Jin [7]. Correlation is presented in Equations
(3) and (4), and fracture toughness in Fig. 1.Fig. 4. A cross plot of Young's Modulus and Poisson's ratio showing the brittleness
percentage increasing to the south west corner of the plot.
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The objectives of massive hydraulic fracturing in tight car-
bonate reservoirs are: (1) creating and connecting complex
fracture network; (2) maximizing stimulated reservoir volume
(SRV). To create complex fracture network and connect them, the
candidate should have relatively higher brittleness. To maximize
SRV, the candidate should have relatively lower fracture tough-
ness. According to the study results by Sun [14], formation with
high brittleness may not have good fracturing performance, and
formation with low fracture toughness may not have good
fracturing performance, while only formation with high brittle-
ness and low fracture toughness have good fracturing perfor-
mance. This paper uses fracturing performance index model
proposed by Sun Jianmeng et al. to evaluate reservoir fracturing
performance.
The mathematical model of fracability index in terms of
brittleness and fracture toughness is deﬁned as follows:
FI ¼ BInKIC_n (12)
where BIn and KIC_n are normalized brittleness (Eq. (12)) and
normalized fracture toughness as deﬁned below:
BIn ¼
BI  BImin
BImax  BImin
(13)
KIC_n ¼
KIC_max  KIC
KIC_max  KIC_min
(14)
where BImax and BImin are the maximum and minimum brittle-
ness index for the investigated formation, unitless; KIC_max and
KIC_min are the maximum and minimum mode-I fracture
toughness for the investigated formation, MPa m1/2; BI is brit-
tleness index at formation depth, unitless; KIC is fracture
toughness at formation depth, MPa m1/2.
According to Sun's [14] method, a plot of fracturing perfor-
mance index is derived and presented in Fig. 5. In the case of Sun's
paper [14] the strata fracturing which performance index is more
than 0.24 is considered as fracturing strata, from Fig. 5 we can see
most of fracturing performance indexes are more than 0.24.
Therefore, the investigated reservoir has many fracturing strata.
Through above analysis, it is concluded that: (1) the investi-
gated reservoir rockwidespreadly characterizes high brittleness, it
is favorable to create complex fracture network and connect them;
(2) the investigated reservoir rockwidespreadly characterizes low
fracture toughness, and it is favorable to maximize SRV; (3) theFig. 5. Fracturing performance index variation of tight-gas carbonate reservoir.investigated reservoir rock widespreadly characterizes high frac-
turing performance index, and it is favorable to create acid etched
complex fracture network for volume acid fracturing.
5.2. Development status of natural fracture
The development degree of natural fracture is a prerequisite
for the volume acid fracturing, because hydraulic fracture needs
to maximally connect natural fracture system, and complex
fracture network could be created. Formation microresistivity
scanning imaging logging (FMI) technology is an effective
method for investigating formation fracture at present. Accord-
ing to fracture origins and performance characteristics, forma-
tion fracture is divided into natural fracture and drilling induced
fracture [31]. Meanwhile, this paper investigates the develop-
ment degree of natural fracture from microcosmic point of view
by scanning electron microscope (SEM) and microcosmic shape
analysis on rock slices.
The analysis results of FMI and SEM are presented in Fig. 6,
from which it can be seen that natural fracture is developed in
the investigated reservoir, but some natural fractures are packed
by carbonate rock. The analysis results of microcosmic shape
analysis on rock slices are presented in Table 3, fromwhich it can
also be seen that natural fracture is developed but some natural
fractures are packed by carbonate rock. Therefore, GMI-
MohrFracs software is used to simulate and analyze the open-
ing degree of cracks in investigated reservoir.
Fig. 7 shows that most of natural fracture may open when
bottomhole pressure is up to 1.80 g/cm3. Therefore, hydraulic
fracturingmaymakemost of natural fracture open, it is favorable
to create complex fracture network.
5.3. The horizontal principal stress difference
The size and azimuth of the in-situ stress determine the az-
imuth and morphology of artiﬁcial fracture during hydraulic
fracturing. According to elasticity mechanics theory and rock
failure criterion, fracture initiation and propagation generally
follow the orientation of maximum horizontal principal stress,
therefore, when the horizontal principal stress difference is
large, bi-wing fracture geometry is easily formed; when the
horizontal principal stress difference is small, natural fracture
may largely inﬂuence on the orientation of fracture initiation,
and hydraulic fracture may propagate at various direction along
random natural fracture, so fracture network is created [32,33].
In this paper, well logging data are used to predict the
maximum and minimum horizontal principal stress through
porous elastic horizontal strain model. As shown in Fig. 1, hori-
zontal principal stress difference is large and the average is about
20MPa, so it is disadvantage for creating fracture network during
volume acid fracturing.
To reduce or remove this disadvantage and obtain maximum
SRV, the degradable ﬁber diversion technology is used and has
got a good application in acid fracturing and hydraulic fracturing
nowadays [34e36].
The degradable ﬁber diversion technology means that the
degradable ﬁber agglomerates are injected into bullet hole or the
formation fracture during construction, following the principle
of ﬂuid ﬂow in the direction of least resistance. Fiber ﬂows into
the natural fractures or artiﬁcial fractures, and forms temporary
plugging on the fracture end. This makes the following fracturing
ﬂuid can't ﬂow into the natural fractures or artiﬁcial fractures. At
this time, bottomhole pressure will rise. Under the condition of
the differential stress at horizontal two directions, the secondary
breakdown will appear and then the fracture orientation will be
Fig. 6. Fracture developmental status.
N. Li et al. / Petroleum 1 (2015) 206e216212changed, then the new fracture is formed. The schematic dia-
gram is presented in Fig. 8.
The study results of Zhao [37] indicate that the degradable
ﬁber can effectively improve SRV, and give construction sug-
gestions, through improving pump injection displacement and
using low concentration degradable ﬁber to achieve diversion in
fracture; through reducing pump injection displacement and
using high concentration degradable ﬁber to achieve diversion in
layer-to-layer.
5.4. The intersection angle between hydraulic fracture and
natural fracture
The angle between the hydraulic and natural fractures affects
the formation of the complex fracture network. If the hydraulic
fracture appears through natural fractures, the hydraulic fracture
keep the plane shape, but if the meeting of the hydraulic and
natural fractures makes natural fractures enlarge or along its
propagation, it may form a complex fracture network, as shown
in Fig. 9.
The orientation of the hydraulic induced fracture and natural
fracture can be obtained from FMI image and is presented inTable 3
Analysis results of rock-pore casting slice.
Well name Core no. Depth (m) Pore type
Primary
intergranular pore
Secondary
intergranular po
G2-9 2-67/127 3236 Few 5
G5-7 1-18/133 3224 1
1-74/106 3121 3
1-93/106 3124 2
G26-11 1-99/133 3386 2
1-110/133 3388 Few 4
3-48/66 3427 2
G37-10 1-34/91 3616 2 3
G40-9 1-103/210 3577 Few 5
1-113/210 3578 Few 5
G42-8 1-142/173 3674 Few 3
1-156/173 3676 1 4Fig. 10, from which it can be seen that the major orientation of
the hydraulic induced fracture is about southeast 120, the major
orientation of natural fracture is about southeast 140, and it is
mainly high angle crack with 50e90.
The results of numerical simulation [39] indicated that the
natural fracture would open and the hydraulic fracture would
change extending path if intersection angle between the hy-
draulic fracture and natural fracture is low (0 < intersection
angle < 30) when hydraulic fracturing for the hard fractured
reservoir; intersection angle is 30e60, if horizontal principal
stress difference is low, natural fracture will open. But if hori-
zontal principal stress difference is large, natural fracturewill not
open, the hydraulic induced fracture will pass through natural
fracture; intersection angle is more than 60, no matter what
horizontal principal stress difference, natural fracture would not
open. Many research results show that intersection angle be-
tween the hydraulic fracture and natural fracture, horizontal
principal stress difference control extending path of the hy-
draulic induced fracture [40e42]. Fig. 10 shows that intersection
angle between the hydraulic fracture and natural fracture is
20e30. So it is advantageous to create complex fracture
network.Fracture type Facial
porosity (%)
Filling
res
Moldic
pore
Primary
fracture
Distensible
dissolved fracture
Dolomite
7 5 13 Y
2 Several Several 4 Y
5 3 8
2 4 5 Y
3 2 6 Y
4 1 8 Y
8 5
5 5 2 13 Y
4 10 11 Y
2 5 8
8 10 5 14 Y
4 2 8 Y
Fig. 7. Diagram of opening degree of natural fracture under bottomhole pressure is 1.80 g/cm.3.
Fig. 8. The schematic diagram of the degradable ﬁber diversion technology.
Fig. 9. Breakdown of interaction process between hydraulic fracture (HF) and
natural fracture (NF) [38].
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The pilot tests of volume acid fracturing technology have
achieved success in tight-gas carbonate reservoir of Ordos Basin,
whose reservoir type is Ordovician weathering crust in the
Lower Paleozoic, and themain gas layer is in the ﬁrst, second and
ﬁfth member of Majiagou Formation. Stimulation effect of
experimental wells are presented in Table 4, which indicates that
the effect of increasing production is obvious, and the average of
stimulation ratio is about 10. In addition, stimulation effect of
volume acid fracturing technology also proves that it is feasible
for stimulation of tight-gas carbonate reservoir through practical
application.7. Conclusions
(1) The investigated reservoir rock characterizes high brittle-
ness widely, low fracture toughness and high fracturing
Fig. 10. Orientation diagram of natural fracture and induced fracture.
Table 4
Stimulation effect of volume acid fracturing.
No. Well Operation parameter Open ﬂow potential
before stimulation, 104 m3/d
Open ﬂow potential after
stimulation, 104 m3/d
Pumping rate, m3/min Pressure, MPa Acid dosage, m3 Segments
1 A 4.8e6.5 46e59 437 6 2.5 36.2
2 B 4.9e6.1 45.8e68 670 8 5.5 58.69
3 C 4.1e6.8 57e71 706 7 4 52
4 D 4.8e6.3 52.5e62.8 579 5 3.4 38
N. Li et al. / Petroleum 1 (2015) 206e216214performance index, so it is favorable to create complex
fracture network during fracturing.
(2) The study results of FMI, SEM and microcosmic shape
analysis on rock slices indicate that natural fracture is
developmental and some are ﬁlled with authigenic car-
bonate rock in the investigated reservoir, and simulation
results of GMI-MohrFracs software indicate that most of
closed natural fracture may reopen when bottomhole
pressure is up to 1.80 g/cm3; the analysis result of fracture
azimuth indicates that intersection angle between the
hydraulic fracture and natural fracture is less than 30; the
occurrence of natural fracture is suitable for volume acid
fracturing.
(3) The study results of horizontal principal stress difference
indicate that it is large in the investigated reservoir, it is
disadvantageous for volume acid fracturing. But studyTable A
Expressions summary of existing brittleness index [13,14].
Principle classiﬁcation Formula Variable declaration
Based on the hardness
or ﬁrmness
B1 ¼ (Hm  H)/K H and Hm are macro and mic
K is bulk modulus
B12 ¼ H/KIC H is hardness, KIC is fracture
B16 ¼ H  E=K2IC H is hardness, E is Young's m
KIC is fracture toughness
B2 ¼ qsc q is percent of debris (<0.6 m
sc is compressive strength
B13 ¼ c/d c is crack length, d is indent
indents at a speciﬁed load;
empirically related to H/KIC
B15 ¼ Fmax/P Fmax is maximum applied for
P is the corresponding penet
B14 ¼ Pinc/Pdec Pinc and Pdec are average incr
decrement of forcesdemonstrates that the degradable ﬁber diversion tech-
nology can reduce or remove this disadvantage, as well as
achieving maximum SRV, and microseismic monitoring
has been veriﬁed.
(4) Stimulation of carbonate rock reservoir may carry out SRV
fracturing, but it should meet the following conditions:
high fracturing performance index, developmental natural
fracture, as well as less intersection angle between the
hydraulic fracture and natural fracture.
(5) How acid system, acidizing ﬂuid volume, injection condi-
tion and so on inﬂuence the ﬁnal SRV and acid etched
complex fracture conductivity needs further studies.
AppendixTest method Reference
ro-hardness, Hardness test Honda and Sanada
(1956)
toughness Hardness and fracture
toughness test
Lawn and Marshall
(1979)
odulus, Hardness, stressestrain,
and fracture toughness
test
Quinn and Quinn
(1997)
m diameter); Proto impact test Protodyakonov (1962)
size for Vickers Indentation test Sehgal et al. (1995)
ce on specimen,
ration.
Yagiz (2009)
ement and Copur et al. (2003)
Table A (continued )
Principle classiﬁcation Formula Variable declaration Test method Reference
Based on the strength
ratio
B8 ¼ sc/st sc and st are compressive and tensile strength Uniaxial compressive
strength and Brazilian
test
Hucka and Das (1974)
B9 ¼ (sc  st)/(st þ sc)
B10 ¼ (scst)/2 Altindag (2003)
B11 ¼ (scst)0.5/2
Based on the
stressestrain
features
B3 ¼ 3ux  100% 3ux is unrecoverable axial strain Stressestrain test Andreev (1995)
B4 ¼ ( 3p  3r)/ 3p 3p is peak of strain, 3r is residual strain Hajiabdolmajid and
Kaiser (2003)
B5 ¼ tp  tr/tp tp and tr are peak and residual of shear strengths Bishop (1967)
B6 ¼ 3p/ 3t 3p and 3t are recoverable and total strains Hucka and Das (1974)
B7 ¼ Wr/Wt Wr and Wt are recoverable and total strain energies
B17 ¼ 45 þ 4/2 4 is internal friction angle Mohr circle or
logging dataB18 ¼ Sin 4
Based on the elasticity
mechanics parameters
B19 ¼ (En þ vn)/2 En and vn are normalized dynamic Young's modulus
and dynamic Poisson's ratio deﬁned in Eq. (3) and (4)
Density and sonic
logging data
Modiﬁed from
Rickman et al. (2008)
Based on the rock
mineralogical
composition
B20 ¼ (Wqtz)/WTot Wqtz is the weight of quartz, WTot is total mineral weight Mineralogical logging
or XRD in the laboratory
Jarvie et al. (2007)
B21 ¼ (Wqtz þ Wdol)/WTot Wqtz and Wdol are weights of quartz and dolomite,
WTot is total mineral weight
Wang and Gale (2009)
B22 ¼ (WQFM þ Wcarb)/WTot WQFM is weight of quartz, feldspar, and mica;
WCarb is weight of carbonate
minerals consisting of dolomite, calcite, and other
carbonate components. WTot is total mineral weight.
Jin et al. (2015)
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